A simple fitting approach is used for modeling the compressive yield strength of body centered cubic (bcc) solid solution high entropy alloys in Al-Hf-Nb-Mo-Ta-Ti-V-Zr system. It is proposed that the yield strength could be modeled by a polynomial where the experimental data can be used for finding the polynomial's coefficients. The results show that the proposed polynomial could model the yield strength of solid solution alloys relatively well. The developed polynomial is used for predicting the strength of RHEAs in Hf-Mo-Nb-Ta-Ti-V-Zr system. It is observed that the yield strength of alloys within this system increases with the additions of Mo and Zr and decreases with the addition of Ti. Furthermore, the model predicts that the yield strength increases with increasing the value of parameters valence electron concentration ( ) and atomic size difference ( ). Although the developed polynomial does not consider the mechanisms involved in the strengthening of alloys, it can be considered as a straightforward method for assessing the strength of solid solution RHEAs.
Introduction
High entropy alloys (HEAs) or multi-principal-element alloys are a new group of metallic alloys with encouraging functional and mechanical properties [1] [2] [3] [4] . The main difference between HEAs and traditional alloys is that HEAs contain multiple principal elements while traditional alloys are usually based on one dominant element [1] [2] [3] [4] . HEAs which are based on refractory elements such as Hf, Nb, Mo, Ta, W, V and Zr are called refractory high entropy alloys (RHEAs) after Senkov et al. [5] [6] . RHEAs have shown very promising high-temperature mechanical properties and are being considered as "future materials for high-temperature structural applications beyond Ni-based superalloys" [5] . A detailed review regarding the microstructure and properties of RHEAs can be found in [5] .
The final goal of many research works in the field of HEAs is to identify alloys with desired properties. However, because HEAs contain several principal elements, a great number of alloys need to be examined in this regard. Examination a great number of alloys is not possible in practice. Therefore, it is very important to develop convenient methods and models which can predict the microstructure and properties of HEAs. In this regard, several research works have focused on developing models for predicting the microstructure or mechanical properties of HEAs [1] [2] [3] [4] [5] . Although these approaches have been successfully applied, they have their own limitations. The objective of the present work is to introduce a new methodology (data-based modeling and fitting) for predicting the properties of HEAs. In the present work, the approach is applied for predicting the yield strength of body centered cubic (bcc) solid solution RHEAs in Al-Hf-Nb-Mo-Ta-Ti-V-Zr system. Although the introduced approach (data-based modeling and fitting) do not explain the mechanisms involved in the strengthening of alloys, it can be considered as a straightforward method for assessing the strength of solid solution RHEAs in Al-Hf-Nb-Mo-Ta-Ti-V-Zr system. Therefore, the proposed approach can be considered as a valuable tool for designing RHEAs in this alloy system.
Methodology

1. Experimental data
RHEAs (more than 80 alloys) which are shown in Table 1 are used in the preset work. The data in Table 1 are gathered from references . All of the alloys in Table 1 were made by vacuum arc melting technique, and a single phase bcc solid solution microstructure was reported for all of them in the as-cast condition.
Some Ti rich alloys are also listed in Table 1 . These Ti rich alloys are being considered as promising candidates for biomedical applications [35] [36] [37] . The compressive yield stress for each alloy in the as-cast condition is shown the last column. It can be seen that the dataset in Table 1 covers a relatively broad range of chemical compositions including Ti and Nb rich alloys. The composition domain which is covered by alloys in Table 1 is schematically shown in Figure 1 . In addition to the experimental data in Table 1 , following estimations [27, 38] are also used for the yield strength of bcc elements and binary systems: σ Mo = 450
MPa [27] , σ Nb = 250 MPa [27] , σ Ta = 350 [27] , σ V =300 MPa [27] , σ NbTa =320 MPa [27, 38] , σ MoTa = 1200 MPa [27, 39] , and σ VNb = 800 MPa [40] . Table 1 containing Ti and Nb rich alloys 
Proposed methodology
First the strength of binary solid solution refractory alloys can be considered. According to the results in Figures 2 and 3 , it may be assumed that the strength of solid solution bcc RHEAs can also be modeled by a polynomial. Therefore, the following polynomial is proposed in the present work for modeling the compressive yield stress ( ) of alloys listed in Table 1 where and are coefficients to be determined and is the atomic concentration (at. %) of element i. For obtaining the coefficients and , the above equation is fitted to the experimental dataset in Table 1 , and the obtained values for coefficients are shown in Table 2 . The comparison between the predictions and experimental results is shown in Figure 4 . Considering the errors and deviations which exist for the yield stress values in Table 1 , it can be seen that a relatively good agreement exists between predictions and experimental results. Therefore, one can concluded that the proposed polynomial can be used for modeling the compressive yield stress of bcc solid solution alloys in Al-Hf-Nb-Mo-Ta-Ti-V-Zr system. An important point regarding the developed polynomial is that it only needs element concentrations as inputs and no mechanical or structural constants are needed; therefore, it can be applied easily for predicting the strength of RHEAs. Figure 4 . Comparison between the predictions and experimental results for the compressive yield stress ( ) of alloys in Table 1 3
. Results and discussions
For verifying the extrapolating ability of developed polynomial, the polynomial is used for predicting the strength of RHEAs in Table 3 . A single phase bcc solid solution microstructure in the as-cast condition is reported for all of alloys in Table 3 were obtained via tensile or microhardness tests, inconsistencies may be expected between the predictions and experimental results. Furthermore, the Hf and V content of ternary alloys in Table 3 are out of the composition domain in Figure 1 . Therefore, the developed polynomial cannot be used for these alloys, and the predictions results may not be accurate. Nevertheless, the polynomial is applied for these alloys as well. According to the results in Table 3 , it can be seen that a relatively good agreement exists for quaternary and quinary alloy systems, but strength predictions for binary and ternary alloy systems are not accurate. That is probably because few experimental data related to these alloy systems are used for developing the polynomial. Furthermore, the V and Hf content of ternary alloys (33 at.%) is out of the composition domain in Figure 1 . So, the predictions are not accurate for these alloys. If more experimental data for binary and ternary alloy systems can be provided, then a more accurate polynomial and, as a result, more accurate predictions can be obtained. According to the obtained results, it can be concluded that the developed polynomial can predict the strength of bcc RHEAs (not binary and ternary alloy systems) with a reasonable accuracy and therefore it can be considered as an easy-to-use tool for designing RHEAs. It should be noted although the approach used here is basically a curve fitting exercise and it does not consider the mechanisms involved in the strengthening of alloys, it can be considered as a straightforward method for assessing the strength of solid solution RHEAs in Al-Hf-Nb-Mo-Ta-Ti-V-Zr system.
Alloy design
To show how the developed polynomial can be applied in designing RHEAs, the alloy system Hf-Mo-Nb-Ta-Ti-V-Zr is selected as an example, and the strength of In general, two approaches can be considered for explaining the effect of alloying elements in HEAs [5] . The first approach is according to the Labusch theory [5, 53] which model the solid solution strengthening mechanism by considering the interactions between the dislocations and the non-homogeneities of a lattice. This approach is used in [8, 12, 20, 29, [54] [55] [56] . In the second approach, the nonhomogeneities of the lattice are considered within the core of dislocations and the solid solution strengthening mechanism is explained by enhanced Peierls-Nabarro stress ( ) or friction stress ( ) of the lattice. This approach is used in [41, [57] [58] [59] [60] .
The effect of Mo and Zr on the strength of alloys may be explained by considering the Labusch theory [5, 53] . According to the Labusch theory, the strengthening degree of an element depends on the atomic size and elastic modulus mismatches between the solute and solvent, and the strengthening increases with increasing the amount of mismatches. Mo has a relatively low atomic radius in comparison with other constituent elements in Hf-Mo-Nb-Ta-Ti-V-Zr system (r Mo = 1.362 Å, r avg = 1.454 Å) (Table 4 ). Furthermore, Mo has the highest Young's modulus among the constituent elements. Therefore, when Mo is introduced to the lattice, high atomic size and elastic modulus mismatches are expected which will cause a high degree of strengthening effect for Mo. This may be the reason for the strengthening effect observed for Mo in Figure 5 . On the other hand, Zr has the highest atomic radius among the constituent elements which can cause high atomic size mismatches leading to the strengthening effect for Zr as it can be seen in Figure 5 . The softening behavior of Ti cannot be explained by considering the atomic radius or elastic modules of Ti. One speculation for the softening effect observed for Ti could be its effect in lowering the Peierls-Nabarro stress (PN stress) as a result of reducing the directionality of the electron bondings due to the lower valence electron concentration ( ) of Ti [39, [61] [62] [63] . As it can be seen in Table 4 , hcp metals with valence electron concentration ( ) of 4 have in general lower yield stresses in comparison with bcc metals with of 5. Furthermore, it can be seen that Mo with of 6 has the highest yield stress in comparison to other elements. So, it may be concluded that a relationship exists between and the strength of alloys. This hypothesis is examined for designed RHEAs, and Figure 6 shows the relation between and compressive yield stress of designed alloys.
It can be seen that a trend exists between and the compressive yield stress of alloys and strength increases with increasing . Therefore, the softening behavior of Ti might be due to its low and its effect on lowering the PN stress. Softening behavior of Ti is reported for Al-Cr-Nb-Ti alloys as well [64] [65] [66] . It is reported that Ti increases the fracture toughness of Al-Cr-Nb-Ti alloys by increasing dislocation mobility through a reduction of the PN energy and stress [64] [65] [66] .
Figure 6. The relation between valence electron concentration ( ) and predicted compressive yield stress of designed alloys
The solid solution strengthening effect in HEAs can also be assessed by the parameter atomic size difference ( ) [5] which can be evaluated by the following equation [5] 1 ̅
where and are the atomic fraction and atomic radius of element i respectively and ̅ is the composition-weighted average atomic radius ( ̅ ∑ ). The relation between and the compressive yield stress of designed alloys is shown in Figure 7 . As it can be seen a correlation exists between and the compressive yield stress of alloys, and the strength increases with increasing . Therefore, should be maximized for designing stronger solid solution alloys. Figure 7 . The relation between atomic size difference ( ) and predicted compressive yield stress of designed alloys According to the results in Figures 6 and 7 , it can be seen that parameters and can affect the strength of RHEAs. Other parameters which can affect the strength of a solid solution alloy are elastic modules [5] , lattice distortion [41] , electronegativity differences [67] and short range orders [68] . In order to investigate the effect of an alloying element, these parameters should be considered simultaneously. Therefore, the role of a constituent element in changing the strength ( Figure 5 works [34, [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] , alloys with tensile yield stresses less than 1200 MPa could have tensile ductility higher than 5% (Figure 8) . Therefore, the developed polynomial is used for finding alloys in Hf-Mo-Nb-Ta-Ti-V-Zr system with compressive yield stresses less than 1150 MPa. Around 80 alloys where found and the list of these alloys can be seen in Appendix A (Table A1 ). Some tensile ductility may be expected for alloys in Table A1 . On the other hand, all of the alloys in Table A1 have melting temperatures higher 2400 °C (rule of mixture is used for predicting the melting temperatures). Furthermore, according to the recently published paper by Senkov et. al. [69] , the loss of high-temperature strength of single-phase bcc RHEs occurs at temperatures higher than 0.6 T m [69] . Therefore, it may be predicted that alloys in Table A1 keep their strength up to temperatures around 1300 °C (0.6 T m ) which is high enough for most of the application. Therefore, reasonable room temperature (ductility) and high temperature mechanical
properties may be expected for alloys in Table A1 . Figure 8 . Tensile ductility versus tensile yield stress for single-phase bcc RHEs [34, [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] Similar to the procedure used for investigating the RHEAs in Hf-Mo-Nb-Ta-Ti-V-Zr system, other alloys systems may also be investigated and the strongest alloy in each alloy system can be identified. Although the predictions may not be very accurate, but they can be considered as good estimates of strength values.
Considering the large composition domain which exists within the central regions of multicomponent phase diagrams, and the vast number of alloys which can be selected, even having estimates of strength values can be very valuable.
Therefore, the developed polynomial can be considered as a valuable tool in designing of RHEAs. The developed approach can also be used for other alloy systems. For example, the author applied the same approach for predicting the hardness of face centered cubic (fcc) solid solution HEAs in Co-Cr-Fe-Mn-Ni system [70] and it is observed that the polynomial equation could model the hardness of solid solution Co-Cr-Fe-Mn-Ni alloys very well [71] .
At the end few points need to be mentioned about the developed polynomial. 1-
The microstructures (including parameters such as grain size, porosity and micro segregations) of alloys in Table 1 were not the same although all of them were made by vacuum arc melting technique. Furthermore, the mechanical testing conditions were not exactly the same. So, it may not be accurate to compare the yield stress values in Table 1 just based on the chemical compositions, and microstructural parameters should also be considered; Therefore, it is more reasonable to assume some degree of deviation for the yield stress values in 
Conclusions
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